Abstract. Studies of the paramagnetic lanthanide-induced shifts and relaxation rate enhancements (RRE) in NMR spectra allow to gain quantitative information about the molecular structure as well as the kinetic and thermodynamic stability of paramagnetic complexes in solutions. Several types of molecular dynamics were found by the dynamic NMR in the complexes investigated (e.g. interconversion of complex enantiomeric forms, pseudorotation of a macrocycle molecule, macrocycle molecule inversion and exchange of ligands). Valuable dependence of RRE of lanthanide complexes on the temperature was found. We found experimentally by the paramagnetic NMR that Ln complexes are quite appropriate nano-sized probes for in situ temperature determination in solutions.
Introduction
The coordination chemistry of lanthanide complexes is an area that has seen considerable growth in the last 30 years. This is largely a result of interest in molecular magnetism and in understanding of magnetic phenomena at a molecular level. Studies of lanthanide systems consisting of paramagnetic metal ions and organic ligands attract a lot of attention in the field of molecular magnetism and functional molecular materials.
In recent years, the amount of publications devoted to the molecular structure and dynamics of the 3d and 4f transition metal complexes in solution has increased. Information accumulated so far underlies an importance of technology for production of photoresistors in microelectronics, sensitizers in photodynamic therapy, contrast reagents in magnetic resonance imaging (MRI), model compounds of natural ionophores and sensors in biology and medicine. Studies of the paramagnetic lanthanide-induced shifts (LISs) and relaxation rate enhancements (RREs) in NMR spectra allow us to gain quantitative information about the molecular structure as well as the kinetic and thermodynamic stability of paramagnetic complexes in solutions.
In 1969 it was reported that upon addition of the paramagnetic lanthanide shift reagents (LSR) to the non-aqueous solutions of organic compounds containing donor atoms (O, N, S, etc.), their 1H NMR chemical shifts have changed dramatically [1] [2] [3] . Since that time, many original papers and reviews [2, 4, 5] have been published on the different aspects of lanthanide shift reagents (LSR)) such as interplay with diverse types of organic compounds, interactions of nuclear spins with paramagnetic metal center, lanthanide-induced shifts (LIS) and relaxation rate enhancement both in aqueous and organic solvents. Paramagnetism is an inherent property of unpaired electron spin and, since an electron magnetic moment is almost three orders of magnitude larger than that of proton, the former induces more pronounced impact on NMR spectra. Electron spin density, being responsible for paramagnetic relaxation enhancement and chemical shifts, is located either in metal-ligand orbitals or in local orbitals of the relaxing nucleus. These effects are manifested at great distances from the paramagnetic center and, therefore, are of particular interest for the study of molecular dynamics. In the past decade several excellent papers and reviews covering main aspects of the contrast agent structure and intramolecular dynamics in solution, biomedical and NMR applications, complex design features, thermodynamics of the complex formation, and the diagnostic and therapeutic use of the paramagnetic 4f-and 3d-metal complexes have appeared.
The investigation of chemical exchange processes and their kinetics in thermodynamic equilibrium by means of nuclear magnetic resonance became a common tool, which is often called in scientific literature Dynamic NMR (DNMR) [3] .
At the same time, significant part of the DNMR measurements has been performed for diamagnetic compounds. Peculiarities and advantages of the DNMR application for a study of paramagnetic 4f-metal complexes in comparison with other physicochemical techniques are discussed in details in ref [3] . Earlier, a DNMR method based on transverse nuclear magnetization measurements was used to determine intermolecular exchange rate constants for paramagnetic complexes of 4f-metal ions (rapid exchange compared to NMR time scale), the majority of the molecular dynamic studies for such complexes having been carried out exclusively at room temperature. Only a few studies involving determination of ∆G ‡ for molecular dynamics were performed for paramagnetic metal complexes at coalescence temperature. However, it have not been mentioned how temperature dependence of the paramagnetic chemical shifts for exchangeable protons was taken into account. A lack of such data can lead to the systematic errors in ∆G ‡ determination. To investigate such objects by DNMR methods at different temperatures, paramagnetic chemical shift should be considered as a function of temperature [2, 3] .
Several types of molecular dynamics were found by the dynamic NMR in the complexes investigated (e.g. interconversion of complex enantiomeric forms, pseudo-rotation of a macrocycle molecule, macrocycle molecule inversion [2] and exchange of ligands [3] ).
Results
Novel Ln complexes were prepared (including β-diketonates of Tm(III)) and investigated by X-ray diffraction, 1 H and 19 F NMR. Here we report that valuable dependence of RRE of lanthanide complexes on the temperature was found. We found experimentally by the paramagnetic NMR that Ln complexes are quite appropriate nano-sized probes for in situ temperature determination in aqueous medium. The lanthanide complexes are in vitro thermometric NMR sensors in reaction media (directly for in situ monitoring over temperature) and prospective thermometric reagents for MRI 3D mapping of the temperature distribution of an animal or human body during some diseases, including different types of cancer. In addition, in future the Ln reagents can serve as new materials for MRI in monitoring in vivo of the dynamics of temperature distributions during response of the organism to therapy.
Summary
Novel Ln complexes were prepared and investigated by X-ray diffraction and 1 H, 19 F NMR. Our study results reveal the interconversion of conformers in complex. For these purposes we used the complete band-shape analysis technique within the framework of the dynamic NMR (with taking into account temperature dependence of LISs). A pronounced temperature dependence of the paramagnetic lanthanide-induced chemical shifts was taken into account using extrapolation by means of Curie law. This procedure allows not only to determine the rate constant at ambient temperature, but also to estimate the activation free energy ∆G ‡ of conformational dynamics. Moreover, for practical application, the use of the complexes studied as new type of the thermometric NMR sensors and paramagnetic probes for in situ temperature control in solution is very promising. The lanthanide complexes with polydentate ligands, a potential new functional material, is considered to be also useful as a thermo-sensing contrast reagent for the MRI diagnostics of cancer and inflammation.
